Neuronal M-type K + channels are heteromers of KCNQ2 and KCNQ3 subunits, and are found in cell bodies, dendrites and the axon initial segment, regulating the firing properties of neurons. By contrast, presynaptic KCNQ2 homomeric channels directly regulate neurotransmitter release. Previously, we have described a mechanism for gating downregulation of KCNQ2 homomeric channels by calmodulin and syntaxin1A. Here, we describe a new mechanism for regulation of KCNQ2 channel gating that is modulated by Src, a non-receptor tyrosine kinase. In this mechanism, two concurrent distinct structural rearrangements of the cytosolic termini induce two opposing effects: upregulation of the single-channel open probability, mediated by an N-terminal tyrosine, and reduction in functional channels, mediated by a C-terminal tyrosine. In contrast, Src-mediated regulation of KCNQ3 homomeric channels, shown previously to be achieved through the corresponding tyrosine residues, involves the N-terminal-tyrosine-mediated downregulation of the open probability, rather than an upregulation. We argue that the dual bidirectional regulation of KCNQ2 functionality by Src, mediated through two separate sites, means that KCNQ2 can be modified by cellular factors that might specifically interact with either one of the sites, with potential significance in the fine-tuning of neurotransmitters release at nerve terminals.
INTRODUCTION
M-channels are members of the Kv7 family of voltage-dependent K + channels and are expressed predominantly in neuronal cells, with the most abundant subunits being KCNQ2 (Q2) and KCNQ3 (Q3) (Brown and Adams, 1980; Wang et al., 1998; Jentsch, 2000; Robbins, 2001; Klinger et al., 2011) . Although heteromeric Q2-Q3 channels are expressed in the cell bodies and dendrites of many hippocampal and cortical neurons (Marrion, 1997; Cooper and Jan, 2003) and also in the initial segment of several neurons (Devaux et al., 2004; Chung et al., 2006; Klinger et al., 2011) , where they control neuronal excitability by limiting repetitive firing (Hille, 1992; Dolly and Parcej, 1996; Miller, 2000; Millar et al., 2007; Regev et al., 2009) , exclusive expression of Q2 subunits can be found in nerve terminals, where homomeric Q2 channels might directly regulate neurotransmitter release (Cooper and Jan, 2003; Devaux et al., 2004; Martire et al., 2004; Peretz et al., 2007) . In humans, mutations in KCNQ2 are associated with benign (BFNC; Biervert et al., 1998; Singh et al., 1998) and non-benign (encephalopathy; Weckhuysen et al., 2012) neonatal forms of epilepsy.
M-channel gating is a target for extensive modulation. We previously put forward a mechanism for modulation of M-channel gating that was mediated by calmodulin (CaM) and syntaxin 1A (Syx, also known as STX1A) in Xenopus oocytes. This mechanism was solely targeted at Q2 subunits, downregulating the open probability of Q2 channels through a rearrangement in the relative orientation of their intracellular N-and C-termini (Etzioni et al., 2011) . Such subunit specificity suggests selective targeting at presynaptic homomeric Q2 channels to directly regulate exocytosis, without interference with axonal Q2-Q3 heteromeric channels and neuronal firing properties (Regev et al., 2009) . Another M-channels modulator is Src, a non-receptor tyrosine kinase, expressed by virtually all cells, including diverse neuronal cell types, where it is localized in dendrites, axons and nerve terminals (Sugrue et al., 1990) . In rat sympathetic neurons, Src has been shown to suppress native M-currents Ebner-Bennatan et al., 2012) and, in CHO cells, Src associates with Q2, Q3, Q4 and Q5 subunits and downregulates the open probability of heteromeric Q2-Q3 channels (Li et al., 2004) . However, the Gamper et al. study suggested that Src was only able to phosphorylate Q3, Q4 and Q5 subunits.
Intriguingly, two tyrosine residues located in opposite termini of the Q3 subunit have been shown to be involved in the Src action (Li et al., 2004) , leading us to hypothesize that the modulation by Src might potentially involve crosstalk between the cytosolic termini, similar to the modulation by CaM and Syx. Furthermore, whereas in CHO cells Src has been reported to target Q3 and not Q2 , a study in HEK cells has suggested that Src mediates a tonic increase in Q2 channel function (Jow and Wang, 2000) . Taken together, we set out to study the Src action on Q2 in oocytes, hoping to find a new mode of Q2 gating regulation. Combining electrophysiological, fluorescence resonance energy transfer (FRET) and biochemical analyses, we characterize the effects of Src on homomeric Q2 wild-type (WT) and mutant channels and compare these results with those in respective Q3 homomeric channels.
The significance of this work is twofold. First, it puts forward a new mode of subunit-specific regulation of M-channels function that engages dual rearrangement of the relative orientation of the cytosolic termini, holding potential for Q2-specific fine-tuning of channel function. Second, although Src has been implicated in the regulation of presynaptic physiology, its role is not clear. This work suggests that Src-mediated regulation of Q2 homomers at presynaptic terminals might serve a role in the fine-tuning of transmitter release.
Previous functional studies in CHO cells have described that Src mediates a reduction in whole-cell currents of Q3 homomers but not Q2 homomers , whereas another study in HEK cells has shown that Q2 currents are reduced upon treatment with Src inhibitors, suggesting that Src mediates a tonic increase of Q2 channel currents (Jow and Wang, 2000) . Here, we addressed the effects of Src in oocytes by co-expressing Q2 or Q3 with a constitutively active Src kinase, Y527F Src (referred to hereafter as Src), which has been previously described to enhance Src-dependent effects Ebner-Bennatan et al., 2012) . We detected a reduction of macroscopic current amplitudes not only of Q3 but also of Q2 (Fig. 1A,B) . However, the extent of Q2 and Q3 current reduction was significantly different, whereas Src reduced Q3 currents by 57±6%, Q2 currents were only reduced by 38±4% (mean±s.e.m.; Fig. 1C ). Src did not affect the voltage dependence of activation of either Q2 or Q3 channels (supplementary material Fig. S2) . Importantly, the current reduction of both Q2 and Q3 channels were not accompanied by changes in peripheral channel expression, as determined by confocal imaging (Fig. 1D,E) . Of note, such peripheral measurements have been previously shown to highly correlate with surface expression in oocytes (Regev et al., 2009; Rubinstein et al., 2009) .
A previous co-immunoprecipitation analysis in CHO cells could detect a prominent association of Src with Q2 that was not less than that observed with Q3; however, Src-dependent tyrosine phosphorylation was only detected in Q3 (Li et al., 2004) . However, in view of the reduction of Q2 currents mediated by Src in oocytes (Fig. 1A,B) , we sought to detect Src-dependent tyrosine phosphorylation of Q2, similar to that determined for Q3. To this end, Q2 was immunoprecipitated with anti-Q2 antibody from lysates of oocytes expressing Q2, either alone or together with Src, and the precipitates were separated by SDS-PAGE and immunoblotted with either anti-phosphotyrosine antibody (to monitor phosphorylation level) or with anti-Q2 antibody (to monitor protein expression level). Notably, on top of Q2 basal tyrosine phosphorylation, as documented in CHO cells (Li et al., 2004) , Src induced an increase in the Q2 phosphorylation signal without any concomitant increase in the level of protein expression (Fig. 1F) . The increase in three independent experiments was small but highly significant (P<0.01). Taken together, the functional and the biochemical data indicate that Src reduces Q2 currents by phosphorylating channel tyrosine residues, similar to in Q3 (Li et al., 2004) .
Src regulates the single-channel open probabilities of Q2 and Q3; however, it does so in opposite directions
The Src-mediated reduction of macroscopic currents without any concomitant change in peripheral channel expression (Fig. 1) suggests that single-channel characteristics, amplitude and/or open probability, are affected. Because it has been previously demonstrated that Src reduces the open probability (Po) of Q2-Q3 heteromeric channels in CHO cells (Li et al., 2004) , we performed single-channel recordings in oocytes expressing either Q2 ( Fig. 2A) or Q3 (Fig. 2B) , with or without Src, at a saturating voltage of 0 mV, using the cell-attached configuration of the patch-clamp technique, as previously described (Etzioni et al., 2011) . Surprisingly, the Po values of Q2 and Q3 homomers were oppositely affected by Src: Q2 Po increased ( Fig. 2A ) and Q3 Po decreased (Fig. 2B) . Whereas the decrease in Po of Q3 by Src could be predicted from the reduced macroscopic currents by Src and was expected from the previous results obtained in CHO cells (Li et al., 2004) , the increased Po of Q2 was unpredicted and puzzling, as it did not conform with the reduced Q2 macroscopic currents (Fig. 1A,B) . Src did not affect the single-channel amplitudes ( Fig. 2A ,B, right-hand graphs).
Two tyrosine residues mediate the effect of Src on Q2
Being aware of the opposite effects of Src on Q2 and Q3 Po values, we first asked whether the tyrosine residues that mediate the effect of Src on Q2 correspond to those previously identified in Q3 (Li et al., 2004) . Thus, we targeted the homologous tyrosine residues in Q2, Tyr-74 and Tyr-347, the first being localized to a conserved domain in the N-terminus, and the other localized to the first conserved domain in the C-terminus just after the S6 transmembrane domain (Q2 N-termini and Q2 C-termini tyrosine residues, correspondingly; Fig. 3A) . Next, mirroring the previous investigation in Q3 (Li et al., 2004) , we mutated the Q2 tyrosine residues, rendering them nonphosphorylatable, by Tyr-to-Phe mutation, generating Q2-Y74F and Q2-Y347F mutants. Both mutants expressed well and yielded macroscopic currents with a voltage sensitivity similar to that of WT channels (data not shown). Co-expression of the mutant channels with Src revealed that mutation of each one of the tyrosine residues was sufficient to abolish the Src-mediated reduction of current (Fig. 3B ) without affecting peripheral channel expression (Fig. 3C) , similar to what had been demonstrated for Q3 (Li et al., 2004) . This requirement for both tyrosine residues to be phosphorylatable in order to support the Src-mediated effect on the Q2 macroscopic currents also held at the single-channel level, as the effect of Src on Q2 Po was blocked in either one of the mutants (Fig. 3D) . These results indicate a similar mode of Src action on Q2 and Q3, requiring the phosphorylation of both of the widely separated N-terminal and C-terminal tyrosine residues that are homologous between the two channels. However, it did not provide a clue as to the opposite effects of Src on the Po values of the two channels, nor did it reconcile the opposite effect of Src on Q2 macroscopic currents and Po values.
Phosphomimetic substitutions at the N-terminal, but not at the C-terminal, tyrosine residues regulate Q2 and Q3 Po in opposite directions
To further explore the opposite effects of Src on Q2 and Q3 Po, we examined the consequences of a phosphomimetic mutation of Tyr-to-Asp substitution (imposing a negative charge that mimics Fig. 1 . Src reduces current amplitudes of Q2 and Q3 channels, without affecting peripheral channel expression. Reduction of Q2 currents is smaller than Q3 and involves tyrosine phosphorylation. (A,B) Src reduces current amplitudes of Q2 and Q3 channels. Representative current traces from single oocytes of the same batch (the inset in A shows the experimental protocol) and mean current amplitudes, evoked by a voltage step from a holding potential of −90 to 0 mV in one representative experiment (B; n=11-13), of Q2 and Q3 channels expressed in oocytes, alone or together with Src. (C) The current amplitude reduction by Src is smaller in Q2 then in Q3. Relative effect on current amplitude reduction, quantified as the fraction of current amplitude reduced in the presence of Src, derived from averaged current amplitudes of the channels, alone or coexpressed with Src, over five experiments (n=42-50 oocytes per group; N=5). (D,E) Src does not affect Q2 or Q3 peripheral expression. Confocal images taken under 514 nm laser excitations of a representative oocyte in a frame (D; the microscope settings were optimized to view the fluorescence of the oocytes of interest) and normalized mean peripheral protein levels were measured from confocal images of the same oocytes as in C (normalized to each channel expressed alone; E; n=42-50 oocytes per group; N=5) expressing Q2 or Q3 (which are fluorescentlylabeled), alone or together with Src. (F) Q2 is constitutively tyrosine phosphorylated; phosphorylation is increased by Src. Left, Q2 proteins, alone or together with Src, were immunoprecipitated with anti-Q2 antibody (IP anti-Q2) and immunoblotted with anti-phosphotyrosine (IB anti-P-Tyr; upper panel), or with Q2 (IB anti-Q2; lower panel) antibodies. Molecular mass markers are denoted on the left. Right, histogram of the extent of phosphorylation normalized to the level of expression (quantified by ImageQuant) of Q2, derived from three independent experiments (n=27-36 oocytes per group; N=3). *P<0.05; **P<0.01. Error bars indicate s.e.m. n denotes total number of oocytes per group; N denotes number of experiments in different batches of oocytes.
that of a phosphate moiety) in each of the relevant tyrosine residues separately, both in Q2 and Q3. Strikingly, the C-terminal phosphomimetic mutants of both channels, Q2-Y347D and Q3-Y386D, did not yield any currents (Fig. 4A) , although the peripheral cell expression of the proteins, as determined by confocal imaging, was substantial (Fig. 4B) . We further substantiated the plasma membrane expression of the channels biochemically by SDS-PAGE analysis of channel proteins immunoprecipitated separately from manually dissected plasma membranes and cytosol (including internal membranes) (Ivanina et al., 1994) of oocytes expressing the corresponding proteins. This analysis confirmed that the expression of both Q2-Y347D and Q3-Y386D proteins was substantial in the plasma membranes (Fig. 4C) . Although both biochemical and confocal analyses showed that the surface expression of Q3-Y386D was partially impaired compared with that of Q3 (Fig. 4B ,C), this impairment could not account for the total loss of Q3-Y386D function. Taken together, we conclude that the phosphomimetic substitution at the C-terminal tyrosine residue renders both Q2 and Q3 surface channels inherently non-functional. In support, we could not detect any single-channel openings in membrane patches of these oocytes, attesting for Po=0 (data not shown). Interestingly, both the Q2-Y347D and Q3-Y386D mutated subunits exerted a dominant-negative effect on the heterometic Q2-Q3 channel, yielding no whole-cell currents (supplementary material Fig. S3 ).
In contrast, the N-terminal phosphomimetic mutants of both channels yielded functional channels, however, with a marked difference between the two. Whereas Q2-Y74D yielded currents that were larger than those of WT Q2, Q3-Y104D yielded currents markedly smaller than those of WT Q3 (amplitudes were normalized to the peripheral protein expression; Fig. 4D ). These results, together with the finding that the C-terminal phosphomimetic mutants are nonfunctional so that their Po is practically zero, suggested that the marked difference between the Po values of the channels (Fig. 2 ) might be conferred by their N-terminal tyrosine residues. Thus, we performed single-channel analysis of the N-terminal phosphomimetic mutants Q2-Y74D and Q3-Y104D. As expected, the N-terminal phosphomimetic mutations mimicked the effects of Src on the WT Po in both channels (see Fig. 2 ), increasing Q2 Po and decreasing Q3 Po (Fig. 4E ), indicating that the differential effect of Src on Po values of the channels is indeed conferred by the N-terminal tyrosine residues.
The analyses of the phosphomimetic N-terminal and C-terminal mutations suggested that the effects of Src on WT Q2 and Q3 macroscopic currents are the manifestation of the concurrent occurrence of two effects mediated by the phosphorylation of the C-terminal and N-terminal tyrosine residues. In Q2 the overlapping of two Src-mediated opposing effects, reduction of functional channels and increase of Po, gives rise to a small reduction of macroscopic currents. In Q3 the overlapping of two Src-mediated complementary effects, reduction of functional channels and decrease of Po, gives rise to a large reduction of macroscopic currents. This suggests that the larger reduction of WT Q3 macroscopic currents mediated by Src compared with that of WT Q2 (Fig. 1C) is the result of Src having opposite effects on the Po values of the two channels as mediated by the phosphorylation of their N-terminal tyrosine residues. To test this notion, we assayed the effect of Src on macroscopic currents of the N-terminal phosphomimetic mutants Q2-Y74D and Q3-Y104D, thus, circumventing the effects of Src mediated by phosphorylation of the N-terminal tyrosine residues, and solely assaying the effects mediated by phosphorylation of the C-terminal tyrosine residues. As expected, in this case, the Src-induced reductions of the mutant Q2 and Q3 channel currents (Q2-Y74D and Q3-Y104D) were of a similar extent ( Fig. 4F ; supplementary material Fig. S4 ).
Taken together, it emerges that Src primarily reduces both Q2 and Q3 currents through phosphorylation of their C-terminal tyrosine residues, whereas Src-induced phosphorylation of their N-terminal tyrosine residues regulates the current reduction in both channels, however, in opposite directions: increasing it in Q3 and decreasing it in Q2. 
Po regulation by Src requires both the N-terminal and C-terminal tyrosine residues and N-terminus-C-terminus compatibility
The ability of Src to increase Q2 Po (Fig. 2) requires that the C-terminal tyrosine residue be present so it can be phosphorylated ( Fig. 3D ; Q2-Y347F), although this can be mimicked by the phosphomimetic substitution of the N-terminal tyrosine alone ( Fig. 4E ; Q2-Y74D). We tested whether this requirement reflects constraints of the intrinsic channel gating machinery by analyzing the Po of the double mutant Q2-Y74D; Q2-Y347F. In spite of the non-phosphorylatable substitution at the C-terminus of this mutant, its Po was significantly higher than that of WT Q2 (Fig. 5A ), owing to the N-terminal phosphomimetic substitution, as was observed with the single Q2-Y74D mutant (Fig. 4E) . We conclude that the requirement for two intact tyrosine residues at the N-termini and C-termini is set by Src itself and not the gating machinery, vouching for a specific N-terminus-C-terminus platform that is required for the functional interaction of Src with the channels. We set out to further explore this using chimeric Q2-Q3 subunits with exchanged N-terminal and C-terminal sequences. First, we tested the effect of Src on Q2 (helixA) , a Q2 subunit in which helix A, the membrane-proximal C-terminal helix that contains the C-terminal tyrosine, was exchanged with the corresponding helix A of Q3 (Etzioni et al., 2011) . As expected in light of the very high similarity between the two helices (Fig. 3A) , the Src-induced increase of Q2 Po was maintained (Fig. 5B) . Broadening the exchanged sequences, we next tested two other chimeras denoted Q2 (223) and Q2 (322) , Q2 subunits in which the whole C-terminus or whole N-terminus [Q2 (223) is composed of Q2 (amino acids 1-310) and Q3 (amino acids , showing the tyrosine residues (Y) that are phosphorylated by Src. Alignment was performed using CLUSTAL W (1.83) multiple sequence alignment. *, identical or conserved residues; ':', conserved substitutions; '.', semi-conserved substitutions. (B) Src does not affect current amplitudes of mutated Q2 channels in which tyrosine residues Y74 or Y347 were mutated to a phenylalanine residue (Q2-Y74F or Q2-Y347F, respectively). Left, representative current traces of Q2-Y74F (upper panel) and Q2-Y347F (lower panel), alone or coexpressed with Src, in oocytes of the same batch. Right, normalized averaged current amplitudes, evoked by a voltage step from a holding potential of −90 to 0 mV, of the channels, alone or coexpressed with Src (normalized to each channel expressed alone; n=38-26; N=3). (C) Src does not affect Q2-Y74F or Q2-Y347F peripheral expression. Left, confocal images taken under 514-nm laser excitations of a representative oocyte in a frame. The microscope settings were optimized to view the fluorescence of the oocytes of interest. Right, normalized mean peripheral protein levels measured from confocal images of the same oocytes as shown in B (normalized to each channel expressed alone; right panels; n=38-26; N=3), expressing Q2-Y74F or Q2-Y347F (which are fluorescently labeled), alone or together with Src. (D) Src does not affect the Po of Q2-Y74F and Q2-Y347F. Po values Q2-Y74F or Q2-Y347F with or without Src. Error bars indicate s.e.m. n denotes total number of oocytes per group; N denotes number of experiments in different batches of oocytes. (322) is composed of Q3 (amino acids 1-120) and Q2 (amino acids 89-845)], respectively, were replaced with those of Q3. Strikingly, in both cases, the Src-induced increase in the Q2 Po was totally eliminated (Fig. 5C ). Taken together, these results suggest that compatible Q2 N-termini and C-termini form a defined cytosolic structural platform for Src.
347-872), and Q2
Regulation of N-terminus-C-terminus interactions accompany and positively correlate with regulations of Po; the regulations are in different directions in Q2 compared with Q3
The above results suggest the involvement of a crosstalk between closely positioned N-and C-termini (N-terminus-C-terminus interaction) for the effect of Src on Po. Indeed, channel gating modulators have been shown to alter N-terminus-C-terminus interactions (Lippiat et al., 2002; Tsuboi et al., 2004; Lvov et al., 2009; Etzioni et al., 2011) . Specifically, constitutive N-terminus-C-terminus interactions have been characterized in Q2 and Q3, and have been shown in Q2 to be modulated by CaM and syntaxin, accompanying changes in Q2 Po (Etzioni et al., 2011) . Thus, we set out to explore whether the Src-induced gating regulation is accompanied by specific changes in the N-terminus-C-terminus interaction within Q2 and Q3 (Fig. 6) . We used FRET analysis to monitor the N-terminus-C-terminus proximity in functional channels under physiological conditions. Crosstalk was assessed by the apparent FRET efficiency between eCFP and eYFP (as performed previously; Lvov et al., 2009; Etzioni et al., 2011) , which are genetically attached to the distal ends of N-terminus and C-terminus, respectively, of Q2 and Q3. As was established previously (Etzioni et al., 2011) , oocytes expressing Q2 or Q3 channels exhibited FRET (Fig. 6A-C) , vouching for constitutive N-terminus-C-terminus interactions in both channels. It should be noted that, although being small, the FRET signals of the two channels are substantial and persistent, and have been previously shown to be similar to that of a positive control (a strong FRET) and significantly different from a negative control (of no FRET) (Etzioni et al., 2011) . Furthermore, FRET analysis of the effect of Src revealed isoform-specific regulations of the N-terminus-Cterminus interactions within Q2 and Q3, similar to the Src-induced gating regulation. Namely, co-expressed Src significantly increased the FRET in Q2 but significantly decreased the FRET in Q3 (Fig. 6A-C) . We further asked whether the requirement of the two tyrosine residues for the Src-mediated effect on the macroscopic currents and Po values also holds for the Src-mediated effect on the N-terminus-C-terminus interactions. Indeed, FRET analysis showed that Src had no significant effect on either of the non-phosphorylatable mutants (Q2-Y74F and Q2-Y347F; Fig. 6D,E) , attesting for the requirement for both tyrosine residues for the effect of Src on the channel. Next, we tested the effect of phosphomimetic substitutions at the N-terminal and C-terminal tyrosine residues on the N-terminus-C-terminus interaction of Q2 and Q3. FRET analysis of Q2-Y74D and Q3-Y104D revealed isoform-specific effects of the phosphomimetic substitutions, with increased FRET in Q2 and decreased FRET in Q3 (Fig. 6F,G) , similar to the Src-mediated effects on the corresponding WT channels (Fig. 6A-C) . Strikingly, FRET analysis (Fig. 6H,I ) of the non-functional Q2-Y347D and Q3-Y386D channels (see Fig. 4A -C) revealed no FRET in both channels. Namely, loss of the constitutive N-terminus-C-terminus interaction, mediated by the C-terminal tyrosine residue, underlies loss of function of both Q2 and Q3 channels.
Notably, the effects on FRET induced by Src or by the phosphomimetic substitution of the N-terminal tyrosine residues clearly correlated with those on Po. Namely, enhanced FRET paralleled enhanced Po, and vice versa, decreased FRET paralleled decreased Po (compare Fig. 6 with Fig. 2 and Fig. 4E ). In addition, the zero change in FRET paralleled a zero change in Po (compare Fig. 6D ,E with Fig. 3D ). Taken together, the Po and FRET analyses reveal a mode of channel gating regulation in which regulation of the N-terminus-C-terminus interaction positively correlates with the single-channel gating regulation. Notably, this correlation is different from the described regulations by CaM and Syx of Q2 because there is an inverse correlation between changes in N-terminus-C-terminus interaction and gating, with an increase in FRET was accompanied by a reduction in Po (Etzioni et al., 2011) .
The effect of Src on Q2 is mediated by concurrent phosphorylation of both tyrosine residues All aspects of the Src-mediated effects, regarding macroscopic current, single-channel gating and N-terminus-C-terminus interaction, seem to require the presence of both the N-terminal and C-terminal tyrosine residues. Thus, an important mechanistic question arises as to whether the Src action is mediated through the concurrent phosphorylation of both tyrosine residues. We addressed this question with regard to Q2 by integrating the two experimental approaches implemented in our study, using FRET and Po analyses, according to the following considerations: (1) comparison of the N-terminal tyrosine phosphomimetic mutant with WT channels, providing a ratio between fold increases in FRET and the Po of the mutant channels, which should serve as a good estimate of the effect of phosphorylation by Src of the N-terminal tyrosine residue; and (2) that the C-terminal tyrosine phosphomimetic substitution generates non-functional channels with zero Po and zero FRET. This suggests that phosphorylation by Src of the C-terminal tyrosine residue is reflected only in a reduction in FRET with no effect on Po given that FRET analysis corresponds to all peripheral channels, functional and non-functional, whereas Po analysis only corresponds to functional channels. Taken together, it is predicted that concurrent phosphorylation of both tyrosine residues by Src will result in a ratio between the fold-increases in FRET and Po that is significantly smaller than that determined for the Q2 N-terminal phosphomimetic substitution. As shown in Fig. 7 , we tested this Fig. 4 . Phosphomimetic substitutions of N-terminal tyrosine residues mediate differential effects on Q2 and Q3 channels, whereas phosphomimetic substitutions of C-terminal tyrosine residues render plasma-membrane Q2 and Q3 channels non-functional. (A) Phosphomimetic substitution of the C-terminal tyrosine residues of Q2 and Q3 render plasma membrane non-functional channels. Left, representative current traces from single oocytes (the inset shows the experimental protocol). Right, normalized mean current amplitudes evoked at 0 mV (n=15-17; N=2) of Q2, Q2-Y347D, Q3 and Q3-Y386D channels expressed in the same batches of oocytes. (B) Effects of phosphomimetic substitutions of the C-terminal tyrosine residues on peripheral expression of the channels. Left, confocal images taken under 514-nm laser excitation of a representative oocyte in a frame. The microscope settings were optimized to view the fluorescence of the oocytes of interest. Right: normalized mean peripheral protein levels measured from confocal images of the same oocytes as shown in A (normalized to WT Q2 or Q3 channels, respectively; n=15-17; N=2), expressing Q2, Q2-Y347D, Q3 and Q3-Y386D (which are fluorescently labeled). (C) Effects of phosphomimetic substitutions of the C-terminal tyrosine residues on plasma membrane expression of the channels. Left, digitized PhosphorImager scan of SDS-PAGE analysis of [ prediction by analyzing changes in Po and FRET induced by the N-terminal phosphomimetic substitution and by Src in oocytes of the same batch, using a two-way ANOVA analysis, as detailed in the Fig. 7 legend. In accordance with our prediction, whereas the fold increases in Q2-Y74D Po and FRET values over those of WT channels were similar (1.52±0.40 and 1.54±0.33, respectively; mean±s.e.m., P>0.05; shown in Fig. 7 as white symbols), the fold increases of Po and FRET values induced by Src action on Q2 WT were not similar ( Fig. 7 ; black symbols) -the fold-increase in FRET (1.37±0.31) was smaller than that in Po (1.96±0.52). Taken together, we conclude that the effect of Src on Q2 reflects the overlapping of two concurrent effects that are mediated by the phosphorylation of the N-terminal tyrosine residue to increase Po, and by the phosphorylation of the C-terminal tyrosine residue to generate nonfunctional channels.
DISCUSSION
In this study, we characterize a new intricate mechanism utilized by Src to regulate Q2 channel function. Src targets two separate tyrosine residues, one at the N-terminus and one at the C-terminus, each of which mediates distinct rearrangements within the channel cytosolic structure that give rise to respective upregulation of singlechannel gating (Po) and downregulation of the availability of functional channels, with both effects occurring concurrently. The dual action of Src through the two tyrosine residues confers bidirectional regulation of Q2 channel function (see below). The bidirectional Q2 gating regulation mediated by Src has potential physiological significance in the fine-tuning of neurotransmitters release at nerve terminals (see below).
Furthermore, comparison with the Src-mediated regulation of Q3 homomeric channels revealed that there was isoform-specific regulation. In Q3, the respective N-terminal tyrosine mediated cytosolic rearrangements opposite to those mediated by the Q2 Nterminal tyrosine, giving rise to downregulation of single channel gating, in contrast to the upregulation in Q2, whereas the respective Q3 C-terminal tyrosine mediated downregulation of the availability of functional channels, similar to Q2. The dual action of Src through the two tyrosine residues confers robust downregulation of Q3 channel function. Namely, isoform specificity is conferred by the differential effects of Src on Q2 and Q3, in contrast to CaM and Syx, which gain isoform specificity by restricting their effects only to Q2 (Etzioni et al., 2011) .
Intricate regulation of M-channels gating by Src: bifunctionality and isoform-specific regulation of gating
The results suggest that there is a two-faceted mechanism for the Src-mediated M-channel regulation. The first facet is bifunctionality, in the sense that Src action entails concurrent phosphorylation of both the N-terminal and the C-terminal tyrosine residues, each mediating a distinct effect. Previously, it has been demonstrated for Q3 that the two tyrosine residues must be phosphorylatable in order for the Src action to occur, as Src action was inhibited in channels bearing single non-phosphorylatable mutations of either one of the tyrosine residues (Li et al., 2004) . In this study, using the corresponding Q2 non-phosphorylatable mutants, we demonstrate that this also applies to Src action on Q2, at the levels of macroscopic currents (Fig. 3B) , single-channel gating (Po; Fig. 3D) and at the structural level of N-terminus-C-terminus interactions (FRET; Fig. 6D,E) . Furthermore, we demonstrate that it does not reflect constraints of the intrinsic channel gating mechanism, rather, it is set by Src itself, as the Po of the double mutant Q2-Y74D;Q2-Y347F significantly increased as mediated by the N-terminal phosphomimetic substitution even in the presence of the C-terminal non-phosphorylatable substitution ( Fig. 5A) , and the Po of the double mutant Q2-Y74F;Q2-Y347D decreased to zero due to the C-terminal phosphomimetic substitution (data not shown) even in the presence of N-terminal non-phosphorylatable substitution. Ultimately, by integrating Po with FRET analyses, we resolve the coincidence of the two effects in the Src action (Fig. 7) .
The second facet of the Src mechanism confers subunit-specific regulation. Whereas the C-terminal tyrosine residues reside in a highly conserved domain between the Q2 and Q3 (Fig. 3A) and their phosphorylation exerts similar gating downregulation in both channels (Fig. 4A-C) , the N-terminal tyrosine residues reside in a less-conserved domain (Fig. 3A) and exert opposite effects on Q2 and Q3 gating, up-and down-regulation, respectively (Fig. 4D,E) . Furthermore, we show that the effects mediated by N-terminal tyrosine residues are highly dependent not only on the N-terminal sequences but actually require compatibility between the whole Nterminal and C-terminal sequences (Fig. 5B) , arguing that rearrangements of defined cytosolic structures comprising both Nand C-termini confer the specificity of gating regulation, either up or down.
The two-faceted Src action gives rise to an intricate mechanism. Src-induced phosphorylation of the C-terminal tyrosine residue confers inhibition of currents in both channels. However, and most importantly, the requirement for two tyrosine residues to be concurrently phosphorylated confers modification of this inhibition through phosphorylation of the N-terminal tyrosine, discriminating between the effects of Src on the two channels. In Q3, the N-terminaltyrosine-mediated inhibition reinforces the C-terminal-tyrosinemediated inhibition, resulting in a strong reduction of Q3 currents by Src in oocytes (Fig. 1A,B) and in CHO cells (Li et al., 2004) . In Q2, the N-terminal-tyrosine-mediated excitation opposes the Cterminal-tyrosine-mediated inhibition, both concurrently resulting in a range of Src effects on Q2 currents, from a subtle current reduction in oocytes (Fig. 1A,B) and a null effect in CHO cells to a tonic increase in HEK cells (Jow and Wang, 2000) .
The divergent effects of Src on Q2 are in accord with a notion that the conformational transitions induced by phosphorylation of each one of the tyrosine residues by Src might be distinct, each separately influenced by cross interaction(s) with other channel regulatory or auxiliary protein(s) for which expression level(s) depend on the cellular setup of the specific cell. Future experiments in different mammalian cell lines should resolve the influence of cytosolic proteins or the cellular environment on the Src effect on Q2. One plausible cross-interacting protein could be CaM given that the Cterminal tyrosine residues are located in the domain suggested to be a site for a true CaM-mediated channel structure (Wen and Levitan, 2002; Yus-Najera et al., 2002; . Thus, Src-induced C-terminal tyrosine phosphorylation, which is associated in our study with impaired structure and loss of channel function, could be very well affected by cross interaction with CaM.
Mechanism of action of the N-terminal and C-terminal tyrosine residues
Examination of the gating regulations mediated by the N-terminal tyrosine residues of both Q2 and Q3 channels reveals a mode of regulation, with positive correlation between effects on channel gating (Po) and N-terminus-C-terminus interaction (FRET) (compare Figs 2 and 4E with Fig. 6 ). Thus, increased or decreased FRET signals are interpreted as increased or decreased N-terminus-C-terminus proximity. We believe (Fig. 8A) , as argued previously (Etzioni et al., 2011) , that changes in FRET efficiency likely report proximity rather than orientation change of the fluorescent domains, given that the FRET dependence on orientation is less of a problem when fluorescent proteins are fused to the distal ends of channel termini and hence are relatively mobile (Zheng and Zagotta, 2004) . Fig. 8B depicts our view of this mode of regulation mediated by the N-terminal tyrosine residues, with closer proximity between the cytosolic terminal in Q2 or their drawing apart in Q3 underlying gating up-or down-regulations, respectively. Notably, this regulation mode is newly discovered and distinct from that utilized by CaM and Syx because it has an inverse relationship between changes in gating and N-terminus-C-terminus proximity; namely, gating down-regulation is accompanied by increased N-terminus-C-terminus proximity. The different Nterminus-C-terminus regulations might be explained in the framework of a tetrameric channel structure composed of four subunits, as different channel modulators might mediate different N-terminus-C-terminus rearrangements between and/or within channel subunits. Fig. 8C depicts our view of the regulation mediated by the C-terminal tyrosine residues with the separation between the cytosolic termini that underlying non-functional channels.
Physiological relevance of the Src-mediated regulation of M-channels Src is expressed by virtually all cells including diverse neuronal cell types, where it is localized in dendrites, axons and nerve terminals (Sugrue et al., 1990) . The very high expression levels of Src found in nerve terminals of neurons suggests that it has a role in synaptic transmission and plasticity (Purcell and Carew, 2003; Kalia et al., 2004; Ingley, 2008) ; however, its role and the signaling pathways that regulate its activity at the presynaptic level are poorly understood. High levels of Src are associated with synaptic vesicles and the presynaptic structures (Pang et al., 1988; Barnekow et al., 1990; Stenius et al., 1995; Onofri et al., 1997 Onofri et al., , 2007 Janz and Sudhof, 1998) . High-frequency synaptic stimulation, epileptiform activity and spatial learning trials activate Src kinases and promote their association with presynaptic proteins, including synapsin I (Lauri et al., 2000; Fig. 7 . Concurrent phosphorylation of both N-terminal and C-terminal tyrosine residues mediates the effect of Src on Q2. Phosphomimetic substitution of the N-terminal tyrosine (Q2-Y74D) results in similar fold increases in Po and FRET values, whereas co-expression of Src with WT Q2 results in a smaller fold increase in FRET, compared to that in Po. An analysis of variance (ANOVA) was performed, with the between variables Group (Q2 Y74D vs Q2+Src) and Method (Po vs FRET) on the increase ratio (fold increase) as a dependent variable. The results yielded a significant main effect of Method, F (1,31)=5.09, P<0.05, mean squared error (MSE)=0.122. Importantly, the interaction between Method and Group was significant, F (1,31)=5.12, P<0.05, MSE=0.122, indicating that for Q2-Y74D there was no difference between Po and FRET F<1, but for Q2+Src there was a significant increase in the ratio from FRET to Po, F (1,31)=8.57, P<0.01, MSE=0.122. Sanna et al., 2000; Zhao et al., 2000) . Studies using specific Src inhibitors have indicated that Src family kinases directly modulate neurotransmitter release by interfering with activity-dependent Ca 2+ entry, actin dynamics and exocytosis (Ohnishi et al., 2001; Baldwin et al., 2006; Cheng et al., 2007 , but see Wang, 2003 Shyu et al., 2005) . One of the mechanisms suggested for Src regulation of neurotransmitter release is by modifying, through phosphorylation, the activity of proteins, such as the synapsins, involved in the regulation of exocytosis and synaptic vesicles trafficking (Messa et al., 2010; Bykhovskaia, 2011) .
Importantly, although dynamic regulation of presynaptic voltagegated K + channels, resulting in the modulation of the presynaptic voltage waveform that regulates presynaptic Ca 2+ inflow, is an established mechanism for regulation of neurotransmitter release (e.g. Geiger and Jonas, 2000) , such a mechanism has not yet been documented for Src action and is suggested here. Namely, we suggest that Src regulates neurotransmitter release through regulation of presynaptic homomeric Q2 channels (suggested to play a major role in the regulation of neurotransmitter release; see Introduction). The concurrent bidirectional regulation of Q2 by Src, mediated through two separate sites, renders it prone to modifications by cellular factors that might specifically interact with either one of the sites. A plausible candidate is CaM, which interacts with the C-terminal tyrosine site and for which levels of expression might vary among neurons and under pathophysiological conditions (Palfi et al., 2001 (Palfi et al., , 2002 Kortvely and Gulya, 2004) . Such modifiable Src regulation of Q2 would be nicely designed to fine-tune transmitter release.
MATERIALS AND METHODS

Constructs and antibodies
Human Q2 (Y15065) cDNAs was kindly provided by Thomas Jentsch (Zentrum für Molekulare Neuropathobiologie, Hamburg, Germany). Human Q3 A315T , Q2 (223) and Q2 (322) were kindly provided by Alvaro Villarroel (Unidad de Biofísica, Consejo Superior de Investigaciones Científicas-Universidad del País Vasco (UPV)/Euskal Herriko Unibersitatea, UPV, Leioa, Spain). Y527F Src was kindly provided by Sara A. Courtneidge (Sugen Inc.). All mutations and chimeras were constructed by using direct cloning of PCR (Weiner, 1993) . To find homologous regions between channels, alignment was performed using CLUSTAL W (1.83) multiple sequence alignment. Tyr-74 and Tyr-347, human Q2 were found to be homologous to those in Tyr-104 and Tyr-386 human Q3 (the latter are homologous to those identified in rat Q3; Li et al., 2004) . Double-fluorophore-labeled Q2 or Q3 were constructed by subcloning of native channels into pGEMHJ containing enhanced CFP Fig. 8 . Model depicting the constitutive N-terminus-C-terminus interactions and those corresponding to the Src-mediated bifunctional regulation of Q2 and Q3 through their N-terminal and C-terminal tyrosine residues. (A) Q2 and Q3 have constitutive N-terminus-C-terminus (N-C) interactions, which can be inter or intra subunit (red horizontal bars; Etzioni et al., 2011) . C-terminal and N-terminal tyrosine residues are depicted by yellow squares. (B) Manipulations ( phosphomimetic substitutions and possibly phosphorylations by Src; depicted by a yellow star and a negative charge) of the C-terminal tyrosine residues of Q2 and Q3 involve no N-terminus-C-terminus interactions (depicted by red X instead of red horizontal bar), accompanied by loss of channel functionality (depicted by red X over the vertical red arrows of K + fluxes).
(C) Manipulations of the N-terminal tyrosine involve an increase in N-terminus-C-terminus proximity, accompanied by increased Po (depicted by larger vertical red arrow of K + flux) in Q2, but involve reduction in N-terminus-C-terminus proximity (larger N-terminus-C-terminus distance), accompanied by decreased Po (depicted by smaller vertical red arrow of K + flux) in Q3.
Light blue arrows demonstrate upregulation of both N-terminus-C-terminus interaction and Po in Q2.
(eCFP) and enhanced YFP (eYFP) at N-terminal and C-terminal positions, respectively, through Ser-Arg linkers (encoded by XbaI restriction sites). eYFP had the Q69M mutation reducing its environmental sensitivity (Griesbeck et al., 2001 ). eCFP and eYFP had a A206K mutation, reducing their affinity to each other (Shaner et al., 2005) . All constructs were verified by DNA sequencing. Antibodies used included anti-KCNQ2, anti-KCNQ3 (Alomone Labs) and anti-phosphotyrosine (Millipore) antibodies.
Electrophysiology
Female Xenopus laevis oocytes were prepared (Dascal, 1993) and proteins were expressed as previously described (Levin et al., 1995) . All animal experiments were performed according to approved guidelines. The following mRNA concentrations were injected (in ng/oocyte): 7.5 Q2, 0.75 Q3, 5 Src. Two-electrode voltage-clamp analysis of macro currents was performed as previously described (Levin et al., 1995; Regev et al., 2009 ). Current-voltage relationships were obtained by depolarizing steps (of 1.5 s) from a holding potential of −80 to +60 mV in 10 mV increments (with 5 s intervals between episodes). Net current is obtained by subtracting the scaled leak current elicited by a voltage step from −90 to −100 mV. Oocytes with a leak current of >4 nA/1 mV are discarded. The extent of amplitude reduction was calculated as the fraction decreased. Namely, in each test group of oocytes, the mean value of current amplitude for each group was divided by the mean value of the corresponding control group (expressing channel only). The data are presented as mean±s.e.m.
Single-channel patch clamp
Cell-attached patch clamp recordings of single-channel currents were performed as previously described (Singer-Lahat et al., 1999; Michaelevski et al., 2007; Etzioni et al., 2011) . The vitelline membrane of oocytes was removed and the latter were placed in a bath solution containing the following: 146 mM KCl, 2 mM NaCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 0.1 mM EGTA, 10 mM HEPES, pH 7.5. Patch pipettes were pulled from glass capillary tubing (Sutter Instruments) with a 2-5 MΩ tip resistance. Patch pipettes were filled with solution containing 150 mM NaCl, 2 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES, pH 7.5. Single-channel recordings were made in response to step depolarization from −90 to 0 mV for 4 s with a 5-s interval between sweeps, and the holding potential was −90 mV. Inward currents are shown as downward deflections. Data were sampled at 20 kHz and filtered with an analog Bessel filter at 5 kHz. Amplification was performed with an Axopatch 200B amplifier; and the acquired analog signal was digitized with a DigiData 1200B converter, recorded with Clampex 8.1. Analysis of the data was performed in Clampfit 10.2 ( pClamp; Molecular Device) as described previously (Etzioni et al., 2011) . Event detection was performed using an algorithm built-in pClamp10.2 software and the events were accepted after checking visually.
FRET analysis and confocal microscopy
FRET experiments were performed as previously described (Lvov et al., 2009) . Oocytes were injected with the following mRNA concentrations (in ng/oocyte): 45 double-labeled Q2, Q3, or mutant channels, 5 Src. Fluorescence emissions from eCFP-and/or eYFP-tagged proteins were collected from the animal hemisphere of the oocyte with a confocal microscope (Ziess LSM 510 Meta), using a 20×0.75 NA objective and laser excitation of 405 and 514 nm, respectively. The level of laser intensity and the photomultiplier tube gain were kept the same for all experiments after initial calibration and titration of proteins. We used a spectrum-based method to remove contaminations caused by donor emission and direct excitation of the acceptor. The FRET assay was performed as previously described (Zheng and Zagotta, 2004) . The apparent FRET efficiency from individual cells was calculated as described (Takanishi et al., 2006; Gao et al., 2007) . Peripheral channels imaging with LSM 510 was performed as previously described (Regev et al., 2009) . The thickness of the optical slide was 8 μm.
Immunoprecipitation and immunoblotting
Oocytes were subjected to immunoprecipitation or immunoblotting analyses, as previously described (Levin et al., 1995; Regev et al., 2009 ).
Presentation and analysis of the experimental results
Statistical estimations and graphical presentation of the data were performed in SigmaStat and SigmaPlot software (Systat Software). Comparisons between two groups were tested for statistical significance (P<0.05 or smaller) using two-tailed unpaired or paired Student's t-tests according to the statistical problem requirement. Statistical evaluation of comparison of several groups was performed using one-way ANOVA followed by Bonferroni's test. Interaction between groups was evaluated using twoway ANOVA, statistical estimations of this data were performed in STATISTICA (StatSoft). The data are presented as mean±s.e.m.; n denotes total number of oocytes per group; N denotes number of experiments in different batches of oocytes.
